This paper presents a rational structural design methodology termed the 'cumulative damage approach' for road, port and airport pavements incorporating cold bituminous mixtures with foamed bitumen. This has been developed along with a laboratory test, the uniaxial indirect tensile test, to evaluate the fatigue characteristics of these mixtures. The test was developed with a view to addressing the limitations of conventional fatigue tests for foamed bitumen mixtures. The new design approach takes account of the actual stiffness evolution of the mixtures obtained from the fatigue test. It is compared with a traditional approach for conventional flexible pavements, which is based on pavement life as a function of computed tensile strain in the material and interpretation of fatigue data in a conventional way. The results show that the traditional design approach yields conservative outcomes for pavements with foamed bitumen mixtures if the same transfer function or shift factor used for hot mix asphalt is applied. The results also show that if all factors other than induced load influence are the same, the shift factor for foamed bitumen mixtures could be 25-35% higher than for hot mix asphalt.
Notation
C, m regression constants for fatigue equation K shift factor that accounts for all the factors that influence pavement performance K L shift factor that accounts for the load induced damage k 1 , k 2 regression constants for k-θ model N pavement design life N design design number of gyrations in gyratory compactor N f number of load applications to failure n number of time intervals for pavement life S stiffness modulus ε i tensile strain at the bottom of base for a constant stiffness in interval i ε t tensile strain at the bottom of the asphalt layer θ bulk stress σ c confining stress in triaxial test σ d deviator stress in triaxial test
Introduction
The structural design of road, port and airport pavements is required to make sure that the structure performs structurally and functionally in an economically viable manner for the designed life period. However, this task of designing a pavement structure is not as straightforward as for some other engineering structures. Moreover, there is never a unique design for any combination of design inputs (Thom, 2013) . The major issue regarding the design of pavement structures is developing a useful relationship between the laboratory performance and the field performance of the materials used in the pavement. The mechanistic-empirical method, which is based on the mechanics of the materials and relates an input such as wheel load to an output (pavement layer response) such as stress or strain, is a possible option. This paper applies this mechanistic-empirical approach to the design of pavements incorporating cold bituminous mixtures with foamed bitumen (foamed bitumen mixtures). The scope of the study is limited to design based on the fatigue criterion only.
The indirect tensile fatigue test is a widely used test method for hot mix asphalt in the UK. The major reason for the wide acceptance of the indirect tensile fatigue test over other tests is that it is simple and less expensive and, more importantly, that cores from in-service pavements can be tested. A major assumption in the indirect tensile fatigue test is the linear elasticity of the materials. As foamed bituminous mixtures are found to behave non-linearly even at small stress/strain levels, the actual stress distribution is complex (Jenkins, 2000; Kim, 2009 ). This brings into question the use of the indirect tensile fatigue test as a performance indicator for foamed bituminous mixtures. Past research findings also suggest that the indirect tensile fatigue test is too conservative a test for evaluating the fatigue life of cold bituminous mixtures due to their high void content (Jenkins et al., 2002; Van de Ven et al., 2007) . Furthermore, for cold bituminous mixtures it is difficult to manufacture beams for beam fatigue tests (Long and Theyse, 2004; Long et al., 2002; Ramanujam and Jones, 2007) . Even if foamed bituminous mixture beams have been made without excessive aggregate loss during saw cutting, the variability of test results has been found to be very high using beam fatigue tests (Long et al., 2002; Ramanujam and Jones, 2007) . In view of these limitations of the applicability of indirect tensile fatigue tests and beam fatigue tests to foamed bituminous mixtures, in this study the applicability of the uniaxial compression test was studied. This test was chosen as it has less complex stress conditions compared with other tests such as the indirect tensile fatigue test and flexural beam tests. In addition, test specimens can be prepared from a core taken from an in-service pavement for validating the in-service condition of a pavement layer.
Materials and methods
As can be seen from Table 1 , a total of three foamed bituminous mixture types were considered in this study. Two with 50% reclaimed asphalt pavement (RAP) aggregate and one with 75% of RAP content. About 1% cement was added to one of the 50% RAP mixtures and to the 75% RAP mixture. A conventional hot mix asphalt, which was a dense binder course recipe mixture with 90 pen bitumen (DBM90), was also included in the study for comparison. Hot mix asphalt specimens were manufactured in a gyratory compactor in accordance with the specifications outlined in BS 4987-1:2005 4987-1: (BSI, 2005 with 20 mm maximum aggregate size, and the bitumen used was the same bitumen as used in the foamed bituminous mixtures. Table 1 presents the key mix design parameters, namely mixing water content (MWC), foamed bitumen content (FBC) and the design number of gyrations (N design ) that were adopted in the study. These parameters were obtained from a mix design study carried out on these mixtures without cement. The details of the procedure adopted to identify these mix design parameters can be found elsewhere (Kuna, 2014; Kuna et al., 2014) . It was assumed that the addition of cement would not significantly influence the optimum MWC, FBC and design number of gyrations (N design ) in the gyratory compactor. Therefore, the same parameters that were obtained in the study for mixtures without cement were adopted for mixtures with 1% cement. The cement used in the study was ordinary Portland cement. For brevity, the physical properties of the component materials used in the study are not presented in this paper. Details can be found elsewhere (Kuna et al., , 2016 .
Both the mechanistic-empirical pavement design approaches discussed in this study use a multi-layer linear elastic model to calculate the pavement response to a standard wheel load configuration. The standard wheel load adopted was a 40 kN single wheel load with a contact radius of 0·136 m with a uniform vertical stress of 690 kPa. The 40 kN load follows the recommendations by Highways England (HD 26/06 (HA, 2006) ) on alternative pavement design procedures. However, the contact radius is smaller than the HD 26/06 recommendation of 0·151 m. This smaller value is chosen to induce higher stresses in the hypothetical structure and thus to study the effect of the non-linearity of foamed bituminous mixtures on pavement design. A hypothetical pavement structure was assumed for study purposes. The pavement consists of 50 mm of surfacing, 200 mm of base (and binder course) and 200 mm of sub-base over a subgrade of 15% CBR (California Bearing Ratio). The foundation (subgrade + sub-base) is in line with the class 2 foundation type in accordance with Highways England foundation design guidance (IAN, 2006) . The comparative study of the two pavement design approaches has been carried out considering the base material (three foamed bituminous mixture types and one hot mix asphalt type) as a variable and all other parameters as constants.
Uniaxial indirect tensile fatigue test
The uniaxial indirect tensile test comprises the application of a sinusoidal (haversine) load on a 100 mm highÂ100 mm dia. cylindrical specimen in the axial direction at a frequency of 1 Hz. As a very low-friction system is provided between loading plates and specimen, giving a near uniaxial stress condition, the principal failure plane will be parallel to the stress direction and the principal strain is perpendicular to the failure plane. Therefore, the testing involves application of high compressive stress levels so as to induce significantly high radial strains such that the test is completed within a reasonable length of time.
Test set-up
The test apparatus used for applying the sinusoidal load consisted of an Instron loading frame, a 100 kN servo-hydraulic actuator with ±50 mm movement, an axially mounted load cell and a temperature-controlled cabinet mounted on the loading frame. Rubcion software, which is a digital servocontrol system, was used for operating the loading frame and for data acquisition.
The sinusoidal load of 1 Hz frequency was applied on the specimen through two loading plates (top and bottom). During the test, the axial and radial deformations were measured by axial and radial linear variable displacement transformers (LVDTs). The LVDTs for axial deformation measurement were placed on the top platen ( Figure 1 ). These vertical LVDTs were fixed to magnetic supporting arms. The axial deformation was taken to be the average of the two axial LVDT measurements. The radial deformation of the specimen during the test was measured with an LVDT fixed to a collar that was mounted at the mid-height of the specimen. The range of the horizontal LVDT was ±10 mm and it was calibrated to measure the radial deformation of the specimen directly.
Since the aim of the test was to induce radial tensile strain along the height of the specimen, it was important to have uniform radial deformation throughout the height of the specimen. To ensure this, a friction-reducing system was used in between the specimen and the loading plate. The system consisted of a 50 μm polyethylene foil in combination with a thin layer of silicon compound, a grease-like material made by Dow Corning, between the foil and the specimen. The major problem experienced from using this friction-reducing system was the sliding of the specimen during the test, which could potentially have caused damage to the instrumentation, particularly to the collar for horizontal deformation measurement. Therefore, care needed to be taken while testing to make sure that the system did not slide.
After setting up the test specimen as explained above, tests were carried out under controlled stress conditions. Stress levels were selected in order to give as wide a range of failure lives as possible. Table 2 shows the range of stresses applied to the specimen and the resulting initial horizontal (radial) strain values. The initial strain values were the average values of radial recoverable (peak to peak) strains over the first ten cycles of the test. Before the start of the test, a compressive holding load (pre-load) of 10 N was applied to the specimen to make sure it was held stably during the test. Following the pre-loading, the sinusoidal target load was applied to the specimen. Visual inspection of the specimen during the test revealed that, above a radial deformation of 5 mm (5% radial strain), the specimen had wide vertical cracks ( Figure 2 ) and the axial strain increased at a rapid rate that could damage the instrumentation. Therefore, the test was stopped once the total horizontal deformation reached a radial strain of 5%.
Fatigue criterion
An advantage of this test over the indirect tensile fatigue test is that the failure characteristics (stiffness, permanent deformation and so on) can be monitored during the test. In this study, the failure criterion used was the reduction of the initial stiffness to 50% (50% retained stiffness), which was assumed to coincide with complete failure. Figure 3 shows fatigue lines plotted as initial strain against number of cycles to reach 50% stiffness. Linear regression was carried out on the data points obtained for each mixture to fit the model in Equation 1. The corresponding coefficients obtained after the fitting are tabulated in Table 3 . R 2 values from the table suggest that the data collected for each mixture fitted the fatigue equation very well. Figure 3 demonstrates that the differences in fatigue life among the mixtures considered in the study were fairly small, particularly at lower initial strain levels. These laboratory tests employed sinusoidal loading of 1 Hz (stress controlled). In practice, these loadings are distributed across the pavement and there are also rest periods between wheel loadings. To accommodate these effects, a correction factor called a shift factor (or transfer function) is usually applied to the fatigue equation to be used in pavement design : 2003 : (BSI, 2003 . The test was carried out at a standard temperature of 20 ± 1°C using 100 ± 3 mm dia. specimens. Although a thickness of 40 ± 2 mm is recommended in the standards, in this study 60 ± 2 mm thick samples were used as it was found difficult to trim the thicker samples to 40 mm because the trimming compromised the integrity of the sample. The test was performed at various stress levels (initial strain levels) at a rate of 40 pulses/min. Each specimen was repeatedly loaded until it failed by cracking or a total vertical deformation of 9 mm had been achieved (as larger permanent deformation would likely compromise reliable measurement of the fatigue behaviour). The target test stress levels were selected to give as wide a range of lives as possible. As can be seen from Figure 4 , the 
Stiffness evolution
There is general agreement on how stiffness is calculated for a test specimen subjected to uniaxial sinusoidal loading (Nunn, 1996) . The stiffness modulus under uniaxial stress conditions is defined as the ratio between maximum axial stress and maximum axial strain. However, in the indirect tensile test, the stress system is biaxial and stresses vary throughout the specimen. This means that the stiffness modulus calculation requires analysis of the stress system and this becomes highly complex for non-linear elastic or visco-elastic materials. This is one of the main reasons for adopting the uniaxial test for foamed bituminous mixtures. Figure 5 shows the first four load cycles of the uniaxial indirect tensile test on a 50% RAP-foamed bituminous mixture. As can be seen from the figure, the applied stress curve and resulting strain curve were at 1 Hz frequency. The ratio of peak stress to peak strain is termed stiffness (S) in this discussion. The stiffness for the entire test duration was calculated accordingly and is plotted in Figure 6 for the 50% RAP-foamed bituminous mixture. Although tests were carried out at five radial strain levels, for brevity stiffness evolution curves for the three middle strain levels are presented in the figure. As expected, the initial radial strain level significantly affected the stiffness reduction rate. The higher the initial strain level, the shorter the time to reach 50% stiffness. In order to analyse the stiffness evolution independently of the initial strain level, the stiffness data were normalised as shown in Figure 7 . For each data point at a specific strain level, the relative time was obtained by dividing the actual number of cycles corresponding to that data point by the number of cycles corresponding to 50% stiffness. As can be seen from Figure 7 , the three normalised stiffness curves for the 50% RAP-foamed bituminous mixture followed approximately the same path irrespective of the initial radial strain level. A similar observation is also valid for the other mixtures.
In order to use these trends in pavement analysis and design, the normalised stiffness curves of all the mixtures considered in the study were averaged and polynomial curves were fitted as depicted in Figure 8 . It is clear from the figure that the stiffness evolutions of the foamed bituminous mixture and hot mix asphalt are very different. The DBM90 tends to have a threestage evolution process during the test, similar to four-point bending tests (e.g. Cocurullo et al., 2008) . After a rapid reduction in stiffness (phase I), sometimes associated with the internal heating phenomenon, the stiffness decrease becomes more linear (phase II). Fracture occurs in the final stage (phase III) and it is characterised by an acceleration of stiffness decrease. However, this three-stage stiffness evolution was not seen in the foamed bituminous mixtures. The stiffness Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution increased rapidly to reach a maximum and then decreased at a slower rate. The maximum for all the mixtures was found to lie between 0·1 and 0·3 of the relative time to reach 50% of stiffness. This increase in stiffness may be associated with densification of the mixtures during the test. This is a logical interpretation as the air void content in the foamed bituminous mixtures was found to be in the range of 14-18% depending on the mixture type, whereas the average air voids of DBM90 was found to be 5·3%. To verify this explanation, volumetric strain was calculated from axial strain and radial strain measured during the test. The volumetric strain of the 50% RAP-foamed bituminous mixture specimen that was tested at Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution an initial radial strain level of 300 με is plotted against relative time for 50% stiffness reduction in Figure 9 . As can be seen from the figure, the volumetric strain decreased below zero, indicating densification during the initial stage of the test, followed by strain increase.
Structural (analytical) design
The mechanistic (analytical)-empirical approach to designing flexible pavements requires two steps. In the first step, the response (stress and strain) of the pavement layers to the wheel loads is calculated using analytical tools. From these data Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution critical points are identified. In the second step, these critical responses are compared with the permissible stresses and strains obtained from the performance equation. For design purposes, generally only two locations in the pavement structure are considered for critical stresses and strains. These are the bottom of the base layer and the top of the subgrade where the maximum values of the key parameters develop in most cases. Since this study considers only fatigue, the tensile strain at the bottom of the base layer was used as the design parameter. This is because fatigue cracking of a bituminous layer under repeated wheel loads has been found to depend on the magnitude of tensile strain rather than stress, and therefore this parameter is generally used to characterise the fatigue life of an asphalt pavement, using a fatigue characterisation of the form shown in Equation 1. Figure 10 shows a flowchart for mechanistic-empirical pavement design against fatigue cracking using the fatigue relationships developed in the previous section. The design process involves the selection of available materials and thicknesses to ensure that the fatigue criterion is satisfied. For the number of load applications expected during the design life of the pavement, the maximum allowable value of each strain criterion has to be determined. As can be seen in the flowchart, the key parameters for flexible pavement design are the cumulative number of standard axle loads for the design life, the design temperature, the properties of the materials used in each layer and the fatigue characteristics of the base layer. As previously discussed, a standard wheel load of 40 kN has been used for analysis purposes.
Design inputs and analysis
The traffic (wheel load) induced response of pavement layers (stresses and strains) depends on the interaction of layer thicknesses and material properties. Elastic properties are characteristics of importance as they influence the stresses and strains and thus the failure of the pavement layer. Given the nonlinear elastic (or visco-elastic) characteristics of foamed bituminous mixtures, strains are non-linear functions of the stress condition. In this study, the analysis was carried out using KENLAYER, an analytical tool that is capable of both linear and non-linear analysis of materials. KENLAYER is an analytical tool for flexible pavements within the KENPAVE computer program developed by Huang (2004) . Huang (2004) states that three methods have been incorporated into KENLAYER for non-linear analysis. Method 1, the most accurate but time consuming, was used in this study where the stress-dependent layer is subdivided. Huang (2004) reported that using a non-linear elastic approach and dividing the cold mix layer into sub-layers, each with a unique stiffness, results in higher stress ratios that are better estimates than those obtained by linear elastic calculations. Therefore, the nonlinear elastic approach was adopted in this exercise. The other two methods and a detailed description of the capabilities of the program are documented by Huang (2004) .
For non-linear elastic analysis using KENLAYER, the parameters of the traditional K-θ model (k 1 and k 2 ) are required as presented in Equation 2. To obtain these parameters, triaxial tests were carried out on foamed bituminous mixtures at confining stresses (σ c ) of 50-200 kPa and deviator stresses 2006) ). The control mixture, which was a DBM90, was considered as linear elastic for analysis purposes, with an indirect tensile stiffness modulus value of 3200 MPa. For other layers (sub-base and subgrade) in the pavement structure, hypothetical typical material properties were assumed. The relevant material properties for the pavement layers are detailed in Table 4 . The 100 MPa stiffness of subgrade corresponds to 15% CBR converted to stiffness using the relationship recommended by IAN 73/06. From the uniaxial compression tests that were carried out it was found that the Poisson's ratio of the foamed bituminous mixtures considered in the study was in the range 0·2-0·45, independent of the mixture type. An average value of 0·35 was adopted for structural analysis.
2:
where θ is the bulk stress and k 1 , k 2 are regression constants determined by statistical analysis of laboratory data.
Non-linear elastic behaviour was considered for base layers with foamed bituminous mixtures and for the sub-base in all cases. For non-linear analysis, the layer was divided into sub-layers of 50 mm thickness. As the KENLAYER non-linear analysis forms an iterative approach, a seed stiffness value was required for each case. Seed stiffness values of 500-1200 MPa were used for the foamed bituminous mixtures depending on the number of sublayers. For each iteration, a stiffness value for each sub-layer is calculated by KENLAYER based on the magnitude at the middepth of the sub-layer of stress obtained in the previous iteration. This is repeated by the KENLAYER program until the stiffness converges to a specific tolerance limit. The outputs from the KENLAYER analysis are vertical, horizontal and shear stresses and strains and vertical displacement values. The output file also includes the stiffness values for each of the sub-layers.
The significance of the non-linear analysis approach for foamed bituminous mixtures can be determined in Figure 11 . Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution
The figure shows the distribution of horizontal strain through the depth of the pavement. Analysis was carried out considering a 50% RAP-foamed bituminous mixture first as a nonlinear material and then as a linear material. For the linear analysis case, the stiffness value at 20°C (found to be 2550 MPa) was used. For the non-linear analysis, the parameters used were as listed in Table 4 . As can be seen from Figure 11 , within the surface layer (up to a depth of 50 mm) the horizontal strain distributions are not very different.
However, in the base and sub-base layers, the horizontal strain distribution is considerably different using non-linear analysis when compared with linear analysis. The higher values of strain for non-linear analysis are due to the stressdependent stiffness values of foamed bituminous mixtures. Figure 12 presents vertical stress distributions in the pavement induced by a standard wheel load. As can be seen from the figure, the vertical stress decreases with depth within the pavement. At lower stress levels these materials tend to have low Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution stiffness due to their non-linearity (similar to granular material).
Cumulative damage approach
In the traditional pavement design approach, fatigue life is determined assuming that the base layer will have a constant stiffness throughout the life of the pavement. The fatigue life of a pavement layer in this approach is defined as the number of standard wheel loads it can sustain at a certain strain level. The magnitude of the maximum permissible strain is established by means of laboratory tests resulting in fatigue lines of the form presented in Equation 1 and 'transferred' to field performance by a 'shift factor'. To obtain the design thickness of the pavement layers, layer thicknesses are adjusted until the strain criterion is satisfied. Including the shift factor, K, Equation 1 can be re-written as follows
The shift factor K is usually derived using performance data collected from the field or from full-scale experimental pavements exposed to realistic loading conditions. Therefore, the shift factor naturally accommodates effects such as stiffness loss due to traffic loads, stiffness gain due to curing and temperature effects during the life of the pavement along with load characteristics. Thus, the shift factor K is usually a constant that accounts for all the individual factors that influence pavement performance, which includes load induced stiffness evolution. However, as shown in Figure 8 , the load induced stiffness evolution in foamed bituminous mixtures follows a considerably different trend from that of DBM90, suggesting that the shift factor obtained for hot mix asphalt base pavements may not be appropriate for foamed bituminous mixtures.
To account for the stiffness evolution, an iterative approach recommended by Oliveira (2008) was adopted to accommodate layer stiffness evolution in the design. This approach approximates the load induced stiffness evolution in predefined intervals and sums the damage over each interval (Miner's law). For this, the stiffness evolution curve was divided into equal time intervals. Within each interval the average stiffness value was used as the input value for determining the strain level in the pavement, which was assumed constant during that interval. This procedure is straightforward if linear elastic behaviour is assumed as stiffness values are input directly into the KENLAYER. However, in this study non-linear elastic behaviour was assumed for foamed bituminous mixtures with nonlinear parameters k 1 and k 2 as inputs and the assumption has been made that k 1 (stiffness modulus constant) follows the stiffness evolution trend and k 2 (stress-dependent parameter) remains constant throughout. For each strain level the corresponding fatigue life was estimated from the fatigue equation of each mixture, assuming a constant strain during each interval. However, since only a portion of the fatigue life is consumed during each interval, the cumulative fatigue life was calculated by adding the lives consumed during all the intervals (Miner's law). This iterative procedure approach is illustrated in the flowchart in Figure 13 .
It has to be noted that, in this iterative approach, the shift factor K L , which accounts for the load induced damage during the pavement life, is used for calculation of the fatigue life for each interval. Thus, the fraction of life that expires in the interval i is given by following equation
where ε i is the tensile strain obtained at the bottom of the base for a constant stiffness in each interval.
Both the approaches should produce the same pavement life if the fatigue equation is calibrated from performance data from full-scale experimental or actual road pavements. If the pavement life is divided into n equal intervals then the cumulative damage approach results in a pavement life of N. If the road is subjected to equal amounts of traffic in each interval as in the tests then N will be equal to
Step 1: Divide the stiffness evolution curve into equal intervals
Step 2: Obtain average stiffness value for each interval
Step 3: Obtain horizontal strain at the bottom of the base layer
Step 4: Obtain fatigue life from fatigue equation
Repeat
Step 1 to Step 4 for next stiffness interval
Step 5: Fatigue life = Sum of the fatigue lives obtained for each interval Figure 13 . Flowchart for cumulative fatigue life approach (design)
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6:
To determine the effectiveness of the cumulative damage approach, a normalised life determined by both approaches is calculated. Figure 14 shows the horizontal tensile strain obtained for each interval for a standard wheel load and a constant stiffness within each interval. The fatigue life from the traditional approach is determined assuming a constant stiffness throughout the life and normalised to hot mix asphalt fatigue life to obtain the relative life. The results are presented in Figure 15 . As can be seen in the figure, the traditional approach gives conservative results for foamed bituminous mixtures compared with the cumulative damage approach in which load induced stiffness evolution is taken into account. This indicates that the shift factor 'K ' should be higher for foamed bituminous mixture than hot mix asphalt, assuming all other factors such as curing have the same effect on both the mixtures. This can be explained by the relation between K and K L . The ratio K/K L can be determined by Equation 6. The strain inputs for each interval are the same values as obtained for relative fatigue life (Figure 14) . The K/K L values for the 50% RAP-foamed bituminous mixture, the 50% RAP + 1% cement-foamed bituminous mixture, the 75% RAP + 1% cement-foamed bituminous mixture and DBM90 were found to be 0·99, 1·06, 1 and 0·77, respectively. Thus, the shift factor K for foamed bituminous mixtures should be 25-35% higher than that for hot mix asphalt. This is based on the assumption that all other pavement performance factors have the same effect on the pavements for both the mixtures.
In practice, the shift factor K varies significantly based on the type of laboratory loading, frequency of loading, test temperature and so on. For flexible pavements, the shift factor ranges from 2 to 440 according to different researchers depending on the test conditions . In the present project, fatigue tests were conducted at 1 Hz frequency at 20°C, which are considered to be very conservative testing conditions. Therefore, a shift factor of 400 has been assumed. The resulting shift factors (K values) to be used in Equation 3 are 507, 548 and 520, respectively, for the 50% RAP-foamed bituminous mixture, the 50% RAP + 1% cement-foamed bituminous mixture, and the 75% RAP + 1% cement-foamed bituminous mixture. A similar approach was followed to obtain K/K L values for hypothetical pavement sections with 250 and 300 mm base thicknesses. It was found that the ratio is not sensitive to thicknesses.
The resulting fatigue equations derived from Equation 1 are as in Equations 7, 8, 9 and 10, respectively, for the 50% RAP-foamed bituminous mixture, the 50% RAP + 1% cementfoamed bituminous mixture, the 75% RAP + 1% cementfoamed bituminous mixture and DBM90. Figure 16 presents 
Conclusions
This study has introduced a laboratory fatigue test, the 'uniaxial indirect tension test (uniaxial indirect tensile)' for foamed bituminous mixtures and a rational structural design approach, the 'cumulative damage approach (cumulative damage)', for Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution pavements incorporating foamed bituminous mixtures. The uniaxial indirect tensile test is believed to address some of the limitations of the traditional fatigue tests of foamed bituminous mixtures. The test also enables a stiffness evaluation curve to be obtained in addition to the data required to establish fatigue lines (equations). It was deduced from the tests that the load induced stiffness evolutions of foamed bituminous mixtures and hot mix asphalt are very different. The hot mix asphalt tends to have a three-stage evolution process during the test, similar to four-point bending tests. However, this threestage stiffness evolution was not identified for the foamed bituminous mixtures that were considered in the study. The stiffness increased rapidly to reach a maximum and then decreased at a slower rate. These stiffness evolution curves are used as input for the cumulative damage approach. The cumulative damage approach was carried out on a purely comparative basis using a single pavement structure, and different mixtures were studied. The results showed that the traditional design approach yields conservative outcomes for pavements with foamed bituminous mixtures if the same transfer function (shift factor) used for hot mix asphalt is applied. The results also showed that, if all the other factors influencing performance of pavements with foamed bituminous mixture and hot mix asphalt are the same, the shift factor for foamed bituminous mixtures should be 25-35% higher than for hot mix asphalt. The K L /K values determined from this study can be used to calibrate the shift factors to be used in the traditional design approach in the absence of performance data for pavements with foamed bituminous mixtures. This study is limited to evaluating the effect of load induced stiffness evolution on pavement design life. A similar approach could be adopted for predicting the influence of stiffness evolution due to curing on pavement life. It is well established that foamed bituminous mixtures gain considerable strength/stiffness with time. It is possible that curing stiffness evolution could have a significant influence on fatigue life.
